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Abstract 

Transient global cerebral ischemia induces profound changes in the transcriptome of brain cells, which is partially 
associated with the induction or repression of genes that influence the ischemic response. However, the mechanisms 
responsible for the selective vulnerability of hippocampal neurons to global ischemia remain to be clarified. To identify 
molecular changes elicited by ischemic insults, we subjected hippocampal primary cultures to oxygen-glucose deprivation 
(OGD), an in vitro model for global ischemia that resulted in delayed neuronal death with an excitotoxic component. To 
investigate changes in the transcriptome of hippocampal neurons submitted to OGD, total RNA was extracted at early (7 h) 
and delayed (24 h) time points after OGD and used in a whole-genome RNA microarray. We observed that at 7 h after OGD 
there was a general repression of genes, whereas at 24 h there was a general induction of gene expression. Genes related 
with functions such as transcription and RNA biosynthesis were highly regulated at both periods of incubation after OGD, 
confirming that the response to ischemia is a dynamic and coordinated process. Our analysis showed that genes for 
synaptic proteins, such as those encoding for PICK1, GRIP1, TARPy3, calsyntenin-2/3, SAPAP2 and SNAP-25, were down- 
regulated after OGD. Additionally, OGD decreased the mRNA and protein expression levels of the GluAl AMPA receptor 
subunit as well as the GluN2A and GluN2B subunits of NMDA receptors, but increased the mRNA expression of the GluN3A 
subunit, thus altering the composition of ionotropic glutamate receptors in hippocampal neurons. Together, our results 
present the expression profile elicited by in vitro ischemia in hippocampal neurons, and indicate that OGD activates a 
transcriptional program leading to down-regulation in the expression of genes coding for synaptic proteins, suggesting that 
the synaptic proteome may change after ischemia. 
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Introduction 

Global cerebral ischemia is a pathological condition in which 
brain tissue is subjected to reduced levels of oxygen and glucose 
due to impairment in blood supply to the entire brain, causing 
biochemical modifications in the normal functioning of neurons 
that can lead to injury in specific neuronal subpopulations. One of 
the main features of transient global cerebral ischemia is the 
delayed death of the pyramidal neurons of the CA1 region of the 
hippocampus, which occurs hours to days after the insult. This 
time-window between the end of the transient ischemic insult and 
the first signs of neuronal demise is believed to be associated with 
the activation of competing programs of gene expression, in which 
some will facilitate cell survival, whereas others will contribute to 
neuronal death [1]. 



A great effort has been put into identifying genes that 
participate in the response of hippocampal cells to global cerebral 
ischemia in vivo [2^1]. However, while it is accepted that several 
cellular functions are compromised, our understanding of how this 
correlates with the selective and delayed death of hippocampal 
neurons is still unclear. This analysis requires investigations at the 
molecular level, more easily performed using in vitro models. In the 
present study we used microarray technology to identify genes 
whose expression is significantly altered in hippocampal neuronal 
cultures submitted to oxygen and glucose deprivation (OGD), an 
established in vitro model for cerebral global ischemia [5]. To the 
best of our knowledge no large scale study was developed so far 
using an OGD insult as a tool to study ischemia-induced changes 
in the transcriptome of hippocampal neurons at different periods 
of recovery. In accordance to what has been previously observed 
in models of global and focal ischemia [2-4,6-9], OGD induced 
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changes in the expression levels of genes related with a variety of 
functions within neurons, such as the synapse. Failure in synaptic 
activity is one of the earliest events in cerebral ischemia, due to the 
energetic imbalance that occurs during an ischemic insult and that 
leads to neuronal depolarization and impaired neurotransmission 
[10]. Moreover, there are biochemical alterations that occur in 
neurons submitted to ischemic insults, which include changes in 
the expression levels and the molecular composition of proteins 
related with synaptic transmission, such as the ionotropic 
glutamate receptors of the oc-amino-3-hydroxy-5-methyl-4-isoxa- 
zolepropionic acid (AMPAR) and the N-methyl-D-aspartate 
(NMDAR) types, among other proteins [11-14] that can be 
implicated in the mechanisms promoting either cell death or cell 
survival. 

In particular, we observed that OGD up-regulates REST 
expression, triggers a transcriptional program that down-regulates 
synaptic protein-encoding genes and induces changes in the 
subunit composition of the AMPAR and the NMDAR subtypes. 
The extent to which the post-ischemic alterations identified in this 
work influence the fate of neuronal cells exposed to ischemia can 
now be addressed, and may result in the identification of attractive 
therapeutic targets for the treatment of cerebral ischemia. 

Methods 

Primary hippocampal neuronal cultures 

Primary cultures of rat hippocampal neurons were prepared 
from the hippocampi of E18-E19 Wistar rat embryos, after 
treatment with trypsin (0.06%, 15 min, 37°C; Gibco Invitrogen, 
Paisley, UK) in Ca 2+ - and Mg 2+ -free Hank's balanced salt solution 
(HBSS; in mM: 5.36 KC1, 0.44 KH 2 P0 4 , 137 NaCl, 4.16 
NaHCO :i , 0.34 Na 2 HPO 4 .2H 2 0, 5 glucose, 1 sodium pyruvate, 
10 HEPES and 0.001% phenol red). The hippocampi were then 
washed with HBSS containing 10% fetal bovine serum (Gibco 
Invitrogen), to stop trypsin activity, and transferred to Neurobasal 
medium (Gibco, Life Technologies, Paisley, UK), supplemented 
with SMI neuronal supplement (1:50 dilution; Stem Cell 
Technologies, Grenoble, France), 25 u,M glutamate, 0.5 mM 
glutamine and 0.12 mg/ml gentamycin (Sigma- Aldrich, St Louis, 
MO). The cells were dissociated in this solution and were then 
plated in 6-well microplates (MW6) (for Western blot and real-time 
PGR experiments) or 24-well microplates (MW24) (for cell death 
assays), previously coated with poly-D-lysine (0.1 mg/mL, Sigma- 
Aldrich), or on poly-D-lysine coated glass coverslips, at a density of 
85.0 x 10 3 cells/cm 2 . The cultures were maintained in a humidified 
incubator with 5% C0 2 /95% air, at 37°C, for 14-15 days. 
According to what has been previously observed in our lab [15], 
we estimate that hippocampal cultures contain ~ 10% of glial cells. 
All animal procedures were reviewed and approved by DGAV, 
Portugal. 

Oxygen-Glucose Deprivation (OGD) 

For the OGD insult, hippocampal cultures were incubated in a 
glucose-free saline buffer (in mM: 10 HEPES, 116 NaCl, 5.4 KC1, 
0.8 MgS0 4 , 1 NaH 2 P0 4 , 1.8 CaCl 2 , 25 NaHC0 3 , 25 sucrose, 
pH 7.3) in an anaerobic chamber (Thermo Forma 1029, Thermo 
Fisher Scientific, Waltham, MA), at 37 °C, for the indicated 
periods of time. Control neurons were placed in a similar saline 
buffer with 25 mM glucose instead of sucrose and kept in an air/ 
C0 2 incubator, at 37°C, for the same period of time. After the 
stimulation periods, the saline buffers were replaced by the 
conditioned medium and the cultures returned to the air/C0 2 
incubator, where they were left to recover for the indicated times. 



In studies performed in the presence of the NMDA receptor 
antagonist MK-801 (10 U.M), the AMPA receptor antagonist 
GYKI 52466 (50 uM) and the selective Ca 2+ -permeable AMPARs 
(CP-AMPARs) antagonist Naspm (50 |lM), a pre-incubation of 15 
minutes was done and the antagonists were present during both 
the insult and the post-ischemic period. MK-801, GYKI 52466 
and Naspm were purchased from Tocris Bioscience (Bristol, UK). 
In the studies performed in the presence of the calpain inhibitor 
MDL 28170 (50 uJVI, Calbiochem, Darmstadt, Germany), a pre- 
incubation of 30 minutes was done and the inhibitor was present 
during both the insult and the post-ischemic period. 

Analysis of the nuclear morphology 

For analysis of the nuclear morphology, neurons were fixed 
24 h after OGD at room temperature in 4% sucrose/4% 
paraformaldehyde in phosphate-buffered saline (PBS), washed 
with PBS and incubated with the fluorescent dye Hoechst 33342 
(1 u.g/ml, Molecular Probes Europe) for 10 min. The coverslips 
were mounted on glass slides with Dako mounting medium 
(Thermo Scientific) and examined with a Zeiss Axiovert 200 
fluorescence microscope (40 x objective). The cell-permeable 
DNA stain Hoechst 33342 presents blue fluorescence. Viable cells 
display a normal nuclear size and a diffuse blue fluorescence, 
whereas damaged cells display bright blue pyknotic nuclei with 
condensed or fragmented chromatin [16]. The experiments were 
performed in duplicate and approximately 400 cells were counted 
per coverslip in 6-10 distinct randomly selected optical fields. Cell 
death is expressed as the percentage of dead cells relatively to the 
total number of scored cells. 

LDH release assay 

For the assessment of lactate dehydrogenase (LDH) release, the 
culture conditioned medium was collected after the indicated times 
of incubation after exposure to OGD or control conditions. The 
LDH activity was assayed using a commercial kit (CytoTox 96 
Non-Radioactive Cytotoxicity Assay, Promega, Madison, WI), 
and determined as indicated in the manufacturer's protocol. The 
percentage of LDH release was determined as the ratio between 
LDH activity in the extracellular medium and total LDH activity, 
obtained after complete cell lysis with Triton X-100. The 
percentage of cell death was calculated relatively to cells treated 
with lysis buffer, which were considered as 100%. All experiments 
were carried out in duplicate or triplicate, for each independent 
experiment. 

Total RNA isolation, RNA Quality and RNA Concentration 

Seven and 24 hours after the OGD challenge, total RNA was 
extracted from cultured hippocampal neurons with TriZol reagent 
(Gibco Invitrogen), following the manufacturer's specifications. 
Briefly, 1 ml of TRIzol was added to each well of a 6-well plate 
and the content of each experimental condition (two wells) was 
collected. Chloroform was then added for phase separation and 
the RNA precipitated by isopropanol addition. The precipitated 
RNA was washed with 75% ethanol, centrifuged, air-dried and 
resuspended in 20 ul of RNase-free water (Gibco Invitrogen). 
RNA quality and integrity were evaluated using the Experion 
automated gel-electrophoresis system (Bio-Rad, Hercules, CA). 
RNA concentration was determined spectrophotometrically using 
Nanodrop 2000 (Thermo Fisher Scientific, Wilmington, DE). The 
samples were stored at — 80°C until further use. 
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Microarray hybridization 

For the microarray analysis, total RNA from rat hippocampal 
neuronal cultures subjected to control or OGD conditions was 
collected after 7 h and 24 h of post-incubation in culture 
conditioned medium. RNA from three independent cultures was 
used as biological replicates. Equal amounts of RNA extract 
(200 ng) from each replicate were amplified and Cy-3-labeled 
using the Low Input Quick Amp Labeling kit (Agilent Technol- 
ogies, Santa Clara, CA). Hybridizations were carried out following 
Agilent Technologies instructions for One-Color Microarray- 
Based Gene Expression Analysis (Agilent Technologies), using 
whole-genome Rat GE 4x44K v3 Microarrays. Images were 
obtained using the Agilent G2565AA microarray scanner and 
fluorescence quantization was performed using the Agilent Feature 
Extraction 10.5.1.1 software and the GEl_105_Dec08 protocol. 
The signal intensity was aligned and normalized between 
microarrays by centering the median of the signal distribution 
using BRB-ArrayTools v3.8. 1. The microarray data was submitted 
to GEO database and has been given the accession number 
GSE54037. 

Microarray data analysis 

The TIGR MultiExperiment Viewer (MeV) v4.6 was used for 
statistical analysis of the data. Student's /-test was used to 
determine differentially expressed genes, with a jft-value cut-off of 
0.05. Of these, only genes with a fold change above 2.0 were 
considered differentially expressed and included in further 
analyses. 

For gene ontology analyses, the lists of differentially expressed 
genes from all conditions were imported to GoMiner. Ontological 
classes were selected manually and, for the production of the pie- 
charts, the number of genes for each class were divided by the sum 
of the total number of genes in the selected classes, as indicated in 
figure captions. 

Primer Design 

Primers for target genes were designed using the "Beacon 
Designer 7" software (Premier Biosoft International), with the 
following specifications: (1) GC content about 50%; (2) Annealing 
temperature (Ta) between 55±5°C; (3) Secondary structures and 
primer-dimers were avoided; (4) Primers length between 18— 
24 bp; (5) Final product length between 100-200 bp. All primers 
used in this work are listed in Table SI. 

Real-Time PCR 

For cDNA synthesis, 1 |J.g of total RNA was used with the 
iScript cDNA Synthesis Kit (BioRad), according to the manufac- 
turers' instructions. For real-time PCR (qPCR) 20 |il reactions 
were prepared with 2 (xl of 1:10 diluted cDNA, 10 u.1 of 2x iQ, 
SYBR Green Supermix (Bio-Rad) and specific primers at 250 nM. 
The fluorescent signal was measured after each elongation step of 
the PCR reaction, in the iQ5 Multicolor Real-Time PCR 
Detection System (Bio-Rad), and was used to determine the 
threshold cycle (C t ), as previously described [17]. Melting curves 
were performed in order to detect non-specific amplification 
products, a non-template control was included in all assays, and 
for each set of primers a standard curve was performed to assess 
primer efficiency. Reactions were run in duplicate. For each gene, 
average C t was calculated as the mean of five biological replicates 
for each condition. The expression level of each gene was 
normalized to the expression level of the gene in the corresponding 
control condition. All C t values were normalized to two internal 
control genes, Actb and Gapdh (shown not to change between 



control and OGD conditions), using the GenEx software (MultiD 
Analyses). Fold change values above 1.0 indicate an up-regulation 
relative to the control condition, whereas fold change values below 
1 indicate a down-regulation relative to the control condition. All 
values are indicated as log-transformed data. 

Preparation of total protein extracts 

Hippocampal neuronal cultures were washed twice with ice- 
cold PBS before addition of ice-cold lysis buffer (in mM: 50 
HEPES, 150 NaCl, 2 EGTA, 2 EDTA, 2 Na 3 V0 4 , 50 NaF, 
pH 7.4, with 1% Triton X-100) supplemented with 1 mM DTT 
and a mixture of protease inhibitors: 0. 1 mM PMSF and CLAP 
(1 Hg/ml chymostatin, 1 |Xg/ml leupeptin, 1 u.g/ml antipain, and 
1 ug/ml pepstatin (Sigma- Aldrich). Samples were frozen twice at - 
80°C, after which the total protein was quantified using the BCA 
method (Thermo Scientific). Samples were then denatured with 2x 
concentrated denaturing buffer (125 mM Tris, pH 6.8, 100 mM 
glycine, 4% SDS, 200 mM DTT, 40% glycerol, 3 mM sodium 
orthovanadate, and 0.01% bromophenol blue) at 95°C for 5 min. 

Biotinylation assay 

Biotinylation assays were performed 24 h after the OGD insult. 
Cells were washed twice with PBS containing calcium and 
magnesium (PBS/Ca 2+ /Mg 2+ ; in mM: 137 NaCl, 2.7 KC1, 1.8 
KH 2 P0 4 , 10 Na 2 POH 4 , plus 0.5 MgCl 2 , 1 CaCl 2 , pH 7.4), 
followed by incubation with 0.25 mg/ml NHS-SS-Biotin (Thermo 
Scientific) for 15 min at 4°C under mild shaking. Cells were then 
washed twice with PBS/Ca 2+ /Mg 2+ supplemented with glycine 
(100 mM) and incubated in this solution for 15 min at 4°C under 
mild shaking. For analysis of the surface AMPA receptors 
(AMPAR), cells were lysed in the lysis buffer indicated above for 
total protein extracts, supplemented with protease inhibitors, 
followed by 30 min incubation on ice, and frozen at — 80°C. After 
thawing, cellular extracts were centrifuged at 18,000 g for 30 min 
at 4°C and the pellet was discarded. Fifty |j.g of each protein 
extract was used for the input and 150 ug was used for incubation 
with NeutrAvidin beads. For analysis of the surface NMDA 
receptors (NMDAR), cells were incubated with lysis buffer (in mM: 
50 Tris-HCl, pH 7.4, 5 EGTA, 1 DTT), supplemented with 
protease inhibitors, for 30 min at 4°C under mild shaking, after 
which samples were collected and briefly sonicated. Cellular 
extracts were then incubated with 1% DOC, pH 9.0, for 1 h at 
37°C, centrifuged at 18,000 g for 30 min at 4°C and the pellet was 
discarded. One hundred u,g of each protein extract was used for 
the input and 400 ug was used for incubation with NeutrAvidin 
beads. 

In both cases, NeutrAvidin beads were added in equal amounts 
to the supernatant fluid (2.5 |il/10 u,g total protein) and incubated 
for 2 h at 4°C in an orbital shaker. The beads were washed four 
times with the correspondent lysis buffer. The samples were then 
eluted with 2x denaturating buffer, boiled at 95 °C for 5 min and 
centrifuged into a tube collector with a 0.45 |im filter. 

Preparation of nuclear protein extracts 

Nuclear extracts of hippocampal neurons were prepared 24 h 
after the OGD insult. Cells were washed with ice-cold PBS and 
solubilized in ice-cold buffer 1 (in mM: 10 HEPES, 10 NaCl, 3 
MgCl 2 , 1 EGTA and 0.1% Triton X-100, pH 7.5) for 30-40 min. 
The nuclei were pelleted by centrifugation at 2,400 g for 10 min at 
4°C and then resuspended in ice-cold buffer 2 (in mM: 25 HEPES, 
300 NaCl, 5 MgCl 2 , 1 EGTA and 20% glycerol, pH 7.4) for 1 h, 
after which they were centrifuged at 12,000 g for 20 min at 4°C. 
The supernatants (nuclear extracts) were collected and stored at — 
80°C until use. Both buffers were supplemented with 0.1 mM 
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PMSF and 1 ug/ml CLAP, as well as with 1 mil DTT before use. 
Protein concentration of the extracts was measured using the 
Bradford assay. Samples were then denatured with 2x concen- 
trated denaturing buffer at 95 °C for 5 min, and 100 |il of each 
sample were used for SDS-PAGE. 

SDS-PAGE and Western Blotting 

Protein samples were separated by SDS-PAGE in 7.5% 
(REST), 8% (NMDAR subunits) or 10% (AMPAR subunits) 
polyacrylamide gels, transferred to PVDF membranes (Millipore, 
Billerica, MA) and immunoblotted. The membranes were blocked 
with Tris-buffered saline-Tween (TBS-T) (in mM: 20 Tris, 137 
NaCl, pH 7.6, and 0.1% Tween20) with 5% non-fat milk, for 1 h 
at room temperature, and then incubated with the primary 
antibody in TBS-T 5% milk, overnight at 4°C. Incubation with 
antibodies against oc-tubulin (Sigma- Aldrich, #T5168), (5-actin 
(Sigma-Aldrich, #A5441) and ot-spectrin (Millipore, #1622) were 
performed for 1 h at room temperature, whereas antibodies 
against REST(Millipore, #07-579), GluAl (Millipore, #AB1504), 
GluA2 (Millipore, #MAB397), GluNl (Millipore, #MAB363), 
GluN2A (Millipore, #AB1555P) and GluN2B (BD Biosciences, 
San Jose, CA, #610417) were incubated overnight at 4°C. After 
extensive washing, membranes were incubated with the secondary 
antibody conjugated with alkaline phosphatase for 1 h at room 
temperature. After additional washes, the membranes were 
developed using the enhanced chemifluorescence (ECF) substrate, 
and scanned on the Storm 860 Gel and Blot Imaging System 
(Amersham Biosciences, Buckinghamshire, UK). The density of 
the bands was analyzed with ImageQuant 5.0 software. For 
subsequent reprobing, the membranes were stripped of antibody 
with NaOH 0.2 M for 20 minutes, blocked again and incubated 
with the appropriate antibodies. 

Statistical Analysis 

Results are presented as means ± S.E.M. of the number of 
experiments indicated performed in different preparations. The 
normality of the data was assessed using the Kolmogorov-Smirvov 
test. Statistical significance was assessed by one-way analysis of 
variance (ANOVA) followed by the Bonferroni's or Dunn's 
Multiple Comparison test, or by Student's Z-test (always performed 
in pairs by comparing each OGD condition with the respective 
control), as indicated in the figure captions. These statistical 
analyses were performed using the software package GraphPad 
Prism 5. 

Results 

OGD induces delayed neuronal death in mature 
hippocampal neurons 

In order to characterize the neuronal injury induced by in vitro 
oxygen and glucose deprivation, primary hippocampal neuronal 
cultures were subjected to different periods of OGD, followed by 
24 h incubation in culture conditioned medium, after which cell 
viability was evaluated by analysis of the nuclear morphology. 
Periods of OGDal h 30 min resulted in a decrease in cell 
viability of nearly 20% (Figure 1A). Therefore, in all forthcoming 
experiments the cells were subjected to OGD for 2 h and further 
incubated in culture conditioned medium for the indicated periods 
of time. 

To test whether OGD causes delayed neuronal death, we 
assessed cell viability at different periods after the insult, by 
quantification of the LDH release (Figure IB). We observed that 
at post-incubation periods of up to 18 h after OGD there was no 
detectable change in cell viability, whereas at 24 h after the insult 



LDH release was increased, thus confirming that the OGD 
challenge induces delayed neuronal death, similarly to the 
ischemic insult in vivo [5,18-20]. 

Previous studies have indicated that the intracellular effects of 
ischemia include the activation of calpains, a family of calcium- 
activated cysteine proteases which trigger substrate-specific prote- 
olysis that may contribute to neuronal death [21], after both in vivo 
[22,23] and in vitro ischemia [24-26]. Calpain activation (usually 
detected as the breakdown products of a preferred substrate, 
spectrin) can therefore serve as an indirect indicator of the 
induction of cell death. As expected, no significant OGD-induced 
calpain activation was observed 7 h (Figure 1C) after subjecting 
hippocampal neurons to the ischemic insult (a time point at which 
there is still no significant cell death, as assessed by quantification 
of LDH release, Figure IB). However, at 24 h after the insult, 
significant activation of these proteases was observed, as indicated 
by the formation of the calpain-specific 1 45 kDa spectrin cleavage 
product (Figure ID). No 120 kDa cleavage products were 
detected, indicating that caspase-3 does not contribute to spectrin 
cleavage under the experimental conditions used [27]. We have 
used a calpain inhibitor (MDL 28170) to test whether the OGD- 
induced formation of the 145 kDa spectrin cleavage product was 
specifically mediated by calpain activation upon OGD (Figure 
ID). We observed that in the presence of the calpain inhibitor 
there is a dramatic reduction in the formation of the OGD- 
induced spectrin cleavage product (145 kDa). Taken together, 
these results show that incubation under OGD (2 h) results in 
significant cell death in primary hippocampal neurons, 24 h after 
the insult. Therefore, this protocol can be used to investigate the 
ischemic response at earlier (7 h) or later (24 h) recovery periods 
after the insult. 

OGD-induced hippocampal neuronal death is prevented 
by glutamate receptor antagonists 

Glutamate toxicity due to overactivation of glutamate receptors, 
or excitotoxicity , has been previously related to cerebral ischemia 
and mediates an important component of global ischemia-induced 
neuronal damage, given that application of glutamate receptor 
antagonists attenuates synaptic transmission and neuronal death, 
conferring neuroprotection [28,29]. To analyze the contribution 
of NMDA and AMPA ionotropic glutamate receptors to neuronal 
death elicited by OGD, hippocampal neuronal cultures were 
submitted to OGD in the absence or in the presence of MK801 
(selective NMDAR antagonist), GYKI 52466 (selective AMPAR 
antagonist) or Naspm (selective Ca 2+ -permeable (CP) AMPAR 
antagonist). All antagonists were added prior to OGD and kept 
during the stimulation and post-stimulation periods. Cell viability 
was assessed 24 h after the stimulus by analysis of nuclear 
morphology (Figure 2A-C) and by quantification of LDH release 
(Figure 2D-F). Both assays showed that cell death induced by 
OGD was prevented by the NMDA and AMPA receptor 
antagonists. Also, the selective CP-AMPARs antagonist Naspm 
inhibited the increase in LDH release, indicating the partipation of 
this subtype of AMPARs in the neuronal death elicited by OGD. 
Taken together, these results confirm that both AMPA and 
NMDA receptors are involved in OGD-induced neuronal death 
and mediate the main excitotoxic component of this in vitro model 
of cerebral ischemia. 

OGD induces large-scale regulation of hippocampal gene 
expression 

To investigate the molecular mechanisms involved in the 
neuronal response mediated by the OGD insult, we performed a 
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Figure 1. OGD induces delayed neuronal death of mature hippocampal neurons in culture. (A) OGD causes hippocampal neuronal cell 
death, as determined by analysis of nuclear morphology. After incubation under OGD conditions for 1 h (n = 3), 1 h30 (n = 1 2) and 2 h (n = 1 0), cells 
were returned to the 5% C0 2 incubator for 24 h. Cell viability was then assessed by analysis of the nuclear morphology. Pyknotic nuclei (arrows) were 
counted as dead cells. The results were expressed as the percentage of dead cells relatively to the total cell number. The right panel depicts nuclear 
morphology of neurons subjected to control and 2 h OGD. (B) Time-course of OGD-induced neuronal death, as determined by LDH release. Cells 
were subjected to OGD for 2 h and the LDH release was assessed 0 h (n = 6), 4 h (n = 5), 7 h (n = 3), 14 h (n = 6), 18 h (n = 6) and 24 h (n = 13) after the 
stimulus. (C-D) OGD induces cleavage of spectrin and the formation of spectrin breakdown products (SBDPs). SBDPs protein levels were analyzed by 
Western blot 7 h (C) and 24 h (D) after 2 h of OGD. The calpain inhibitor MDL 281 70 (50 |iM) was added 30 min prior to stimulation and kept during 
the stimulation and post-stimulation period (24 h). Actin was used as loading control. Bars represent the mean ± SEM of five (C) or ten (D) 
independent experiments performed in distinct preparations. *p<0.05, ***p<0.001, as determined by the Student's f-test (C) and One-way ANOVA 
followed by Dunn's Multiple Comparison Test (D; *p<0.05 for the OGD condition compared to control, ##p<0.01 for the OGD+MDL281 70 condition 
compared to OGD). 
doi:1 0.1 371 /journal.pone.0099958.g001 



whole-rat genome Agilent microarray analysis. Total RNA from 
rat hippocampal neuronal cultures submitted to control conditions 
or OGD were analyzed after 7 h and 24 h incubation in culture 
conditioned medium, in order to compare gene expression profiles 
at a time point prior to and after the onset of cell death. All 
experimental conditions were performed with three independent 
biological replicates. Student's /-test was used to determine the 
genes whose expression was significandy different between cells 
subjected to ischemic injury and the correspondent control. Only 
genes with p<0.05 and with an expression fold change of 2.0 
relatively to the control condition were considered differentially 
expressed and selected for further analyses. From the approxi- 



mately 44 000 probes present on each array, the expression levels 
of 4 506 transcripts were altered 7 h after OGD, whereas 1 922 
transcripts were differendy expressed at 24 h after OGD, when 
compared to their respective controls (/><0.05, Student's i-test). Of 
these, we observed that at 7 h and 24 h of incubation after OGD, 
the levels of a total of 4 1 3 and 499 transcripts were more than two 
fold altered in response to OGD, respectively (Figure 3A). 

Figure 3B-C shows the number of genes that were exclusively 
altered at 7 h or 24 h after OGD, as well as the number of genes 
affected at both time points. Of all the transcripts up-regulated 
after OGD, the expression levels of 333 transcripts were increased 
specifically 7 h after injury, 419 transcripts were exclusively 
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Figure 2. Inhibition of glutamate receptors protects hippocampal neurons against OGD-induced cell death. Mature hippocampal 
neurons were subjected to 2 h OGD in the absence or presence of glutamate receptor antagonists. When present, the antagonists were added 
15 min prior to stimulation and kept during the stimulation and post-stimulation periods. Cell viability was assessed 24 h after the stimulus by 
analysis of the nuclear morphology (A-C) and by determination of the LDH release (D-F). Bars represent the mean ± SEM of 4-9 independent 
experiments, performed in distinct preparations. Statistical analysis was performed using One-way ANOVA followed by Bonferroni's Multiple 
Comparison Test: *p<0.05, **p<0.01, ***p<0.001, relative to control; # p<0.05, ## p<0.01, ***p<0.001 relative to OGD condition. MK-801, selective 
NMDAR antagonist; GYKI 52466, selective AMPAR antagonist; Naspm, selective CP-AMPAR antagonist. 
doi:1 0.1 371 /journal.pone.0099958.g002 
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A 



Comparison 


Total number of 
genes with altered 
expression (p<0.05) 


Up-regulated 
genes 
(Fold change > 2) 


Down-regulated genes 
(Fold change > 2) 


Ctrl 7h vs OGD 7h 


4 506 


413 


387 


Ctrl 24h vs OGD 
24h 


1 922 


499 


91 




Figure 3. Summary of gene expression changes at 7 h and 24 h after OGD. (A) Student's f-test analysis was applied to the microarray data 
to identify all genes whose expression was significantly different between conditions (p<0.05). Up-regulated and down-regulated genes include 
those whose expression levels had a fold change >2.0. (B and C) Number of up-regulated (B) or down-regulated (C) transcripts at 7 h and 24 h after 
2 h OGD. The intersection represents the number of transcripts whose transcription was changed in both recovery periods. The transcripts used in 
this analysis were considered differentially expressed after using two cut-off criteria: a p-value <0.05 and a fold change of 2.0. The VENNY informatic 
tool was used to compare the lists of transcripts to obtain the Venn Diagrams. 
doi:1 0.1 371 /journal.pone.0099958.g003 



increased after 24 h after the insult and a total of 80 transcripts 
were found to be up-regulated after both time periods of 
incubation (Figure 3B). On the other hand, 360 transcripts were 
exclusively down-regulated at 7 h after OGD, whereas only 64 
transcripts had reduced expression levels specifically at 24 h after 
OGD. A total number of 27 transcripts were down-regulated both 
at 7 h and 24 h after OGD (Figure 3C). These results indicate 
that whereas at 7 h after in vitro ischemia the changes in the 
transcriptome are related to both an up- and down-regulation of 
gene expression, at 24 h after the insult there is mainly up- 
regulation of gene expression. 

Transcriptional adaptations induced by OGD 

To study the changes induced by the OGD insult in terms of 
functional gene groups, we next considered all the transcripts that 
displayed a significant expression increase or decrease at 7 h and 



24 h of incubation after injury (or at both time points of recovery, 
where indicated) by gene ontology categories using the informatics 
tool GoMiner. The most up- and down-regulated genes at 7 h, 
24 h or at both time points after OGD (i.e., genes that are 
regulated as a constitutive response to in vitro ischemia) belong to a 
diverse set of categories and are indicated in Tables S2-S4. 
Figure 4 shows the number of genes up- or down-regulated at 7 h 
and 24 h after OGD for different ontological classes. We found 
that genes related with metabolic processes, signaling pathways, 
receptor activity, transcription, RNA biosynthesis and apoptosis 
were the most altered after OGD. Genes included in other 
categories such as ion transmembrane transporter activity, 
inflammation and synapse were also highly regulated by the 
OGD challenge. Whereas the most up-regulated classes (and the 
number of genes with increased expression included in each one) 
are similar between 7 h and 24 h of recovery, the pattern of down- 
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Figure 4. Time course analysis of OGD-induced differential gene expression within each functional gene category. The number of 
genes that were up-regulated (black bars) or down-regulated (white bars) at each period of recovery after the OGD insult is plotted for each 
functional gene category. Gene ontology analyses were performed using GoMiner and functional groups were selected manually. 
doi:1 0.1 371 /journal.pone.0099958.g004 



regulation is different. It is clear that at 7 h after OGD there are 
more genes whose expression is decreased than at 24 h, in all the 
classes considered (Figure 4). 

We then selected the functional gene classes with potential 
relevance to the excitotoxic process, comprising a total of 586 and 
403 genes that were altered at 7 h and 24 h after OGD, 
respectively, and analyzed changes in gene expression among 
genes belonging to those classes. In Figure 5 we indicate the 
percentage of altered genes in ontology groups regulated 
exclusively at 7 h (A), 24 h (B) or regulated at both periods of 
recovery (C). The categories of metabolic processes and signaling 
pathways contained the largest percentage of regulated (up- or 
down-regulated) genes at both periods of incubation after OGD, 
both constitutively or time point-specific regulated genes. Addi- 
tionally, differential effects were observed when comparing the 
expression profiles at 7 h and 24 h after injury. For example, at 
24 h there was an increase in the percentage of up-regulated genes 
that code for proteins involved in the response to oxidative stress 
and receptor activity, whereas fewer genes were up-regulated in 
classes such as transcription and RNA synthesis, when compared 
to what is observed 7 h after OGD. Also, at 24 h more genes were 
down-regulated in classes such as response to oxidative stress and 
synapse, whereas genes coding for proteins related with transcrip- 
tion, RNA synthesis, metabolism and signaling pathways were less 
down-regulated. The complete lists of genes for every ontology 
group considered at 7 h, 24 h and both time points used in these 
analyses are shown in Tables S5-S7. 

Taken together, these results demonstrate that the OGD model 
induces similar changes in functional groups of genes that have 
been shown to be differendy regulated after in vivo ischemia [2- 
4,6-9]. Moreover, although many genes were differentially 
expressed at both time points of recovery, most genes were 
exclusively altered at only one of the post-injury periods tested, 
suggesting that specific molecular pathways can be regulated at an 
early or late response to OGD. 

Genes coding for synaptic proteins are down-regulated 
after OGD 

To validate the gene expression profiles obtained in the 
microarray assay, we performed qPCR analyses for 1 1 selected 
genes that were differentially regulated (up- and down-regulated) 
and belong to different functional categories (Table S8). Most of 
the genes tested with qPCR analysis showed changes in expression 
following OGD in the same direction as determined in the 
microarray experiment (Figure SI). 

According to the microarray data, genes coding for several 
synaptic proteins were differentially regulated after the OGD 
challenge (Tables S5-S7, Synapse category). We chose to 
validate the gene expression changes obtained in the microarray 
assay for 15 distinct synaptic protein genes (Table 1). These genes 
are of particular interest since they code for proteins involved in 
glutamatergic neurotransmission, whose imbalance contributes to 
ischemic injury. Thus, the expression levels of genes encoding 
proteins related with AMPAR trafficking (Pickl, Gripl, Cacgn3 
and Cacgn8), pre- and post-synaptic compartments (Sypl2, 
Snap25, Clstn2, Clstn3, Dlgap2 and Fmrl) and subunits of the 
AMPA (Grial and Gria2) and NMDA (Grinl, Grin2a and 
Grin2b) receptors were analyzed by qPCR (Figure 6). Notably, 
most of these genes were down-regulated after the OGD insult, as 



indicated by the microarray experiment (Table 1) and confirmed 
by qPCR analyses (Figure 6). For instance, the results obtained 
for Gacgn3, Clsnt2 and Clstn3 correlated with the microarray 
data, since their expression levels were reduced at the same time 
points of incubation after OGD as in the microarray assay. Sypl2 
was also in agreement with the microarray data, and it was the 
only synaptic protein gene confirmed to be up-regulated in 
response to the OGD insult; the up-regulation of Frml 7 h after 
OGD indicated in the microarray data was not confirmed by 
qPCR. In some cases, qPCR analysis allowed the detection of a 
decrease in the mRNA levels of genes at earlier (Grial and 
Grin2a), later (Pickl, Snap25 and Dlgap2) or at both (Gripl, 
Grinl and Grin2b) time points of incubation after OGD rather 
than just the one indicated in the microarray data. The down- 
regulation of Cacgn8, as indicated by the microarray data, was not 
detected by qPCR analysis, whereas Gria2 was found to have 
reduced mRNA levels at 24 h after the insult, which was 
undetected in the microarray experiment. 

In general, the qPCR analysis confirmed the OGD-induced 
changes in the expression levels of synaptic protein genes detected 
with the microarray data analysis. As such, our results show that 
OGD activates a transcriptional program leading to the repression 
of genes related with the synaptic function in hippocampal 
neurons, suggesting that changes at the synapse take place after the 
ischemic event. 

The expression levels of the silencing transcription factor 
REST increase after OGD 

The gene-silencing transcription factor REST (repressor 
element- 1 silencing transcription factor) actively represses neuro- 
nal genes important for synaptic plasticity and remodeling, such as 
synaptic vesicle proteins, synaptic structural proteins and recep- 
tors, in progenitor and non-neuronal cells [30—32]. As neuronal 
differentiation takes place, REST is down-regulated, an essential 
process for the maintenance of the neuronal phenotype. Neuronal 
insults, such as transient global cerebral ischemia, activate REST 
in CA1 hippocampal neurons destined to die [20,33,34]. We 
therefore tested whether the OGD insult also triggers the 
induction of REST. In the microarray data the expression fold 
change for Rest was 1.63 at 7 h after OGD (/> = 0.016). We also 
analyzed Rest mRNA expression in hippocampal cultures 
submitted to OGD by qPCR, and observed that even though at 
7 h after the insult the mRNA levels of REST were not 
significandy different from the control, a significant increase was 
observed at 24 h (Figure 7A). Consistendy, the increase in the 
mRNA levels of Rest translated in the induction of the REST 
protein levels at the same time-point after OGD (Figure 7B). 
These results corroborate previous observations suggesting that 
REST may be one of the transcriptional factors mediating the 
transcriptional response to ischemia. Indeed, 9 out of the 15 genes 
encoding synaptic proteins that were down-regulated after OGD 
contain putative REST-binding sites (Figure 7C, according to 
[35]) and may therefore be regulated by REST. 

We next analyzed whether genes that have previously been 
described to have REST enrichment at their promoters after 
transient global brain ischemia in rats [33] were differendy 
expressed after OGD (Figure 7D). Interestingly, analysis of the 
microarray data showed that several genes with enriched REST 
[33] have decreased expression levels at 7 h or 24 h of recovery 
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Figure 5. Ontology of genes differentially expressed at 7 h and 24 h of incubation after 2 h of OGD. Gene ontology analyses included 
genes that had a p-value <0.05 and a fold change of 2.0 and were performed using GoMiner. Classes were selected manually and the number of 
genes for each class divided by the sum of the total number of genes in the selected classes (586 genes at 7 h and 403 genes at 24 h). Note that 
some genes are included in more than one class. (A) Ontology of genes up-regulated (upper) and down-regulated (lower) relatively to the control at 
7 h of incubation in culture conditioned medium after 2 h OGD. In this analysis, the total numbers of up-regulated and down-regulated genes were 
232 and 354, respectively. (B) Ontology of genes up-regulated (upper) and down-regulated (lower) relatively to the control at 24 h of incubation in 
culture conditioned medium after 2 h OGD. In this analysis, the total numbers of up-regulated and down-regulated genes were 333 and 70, 
respectively. (C) Ontology of genes up-regulated (upper) and down-regulated (lower) at 7 h and 24 h of incubation in culture conditioned medium 
after 2 h OGD. In this analysis, the total numbers of up-regulated and down-regulated genes were 60 and 31, respectively. 
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after OGD; in the case of Snap25, Grinl, Grin2a and Grin2b, the 
down-regulation in their mRNAs was further confirmed by qPCR 
analysis in the present work (Figure 6). Gria2, the gene encoding 
GluA2, has been proven to be a REST target gene in the post- 
ischemic CA1 hippocampal region [20,33,34]. Although our 
microarray analysis did not detect significant differences in GluA2 
expression, qPCR analysis showed down-regulation of GluA2 
mRNA levels 24 h after OGD (Figure 6C). CoUectively, these 
observations support previous evidence for the hypothesis that 
REST is activated under ischemic conditions [20,33,34]. As such, 
REST activation may be responsible for the repression in the 
transcription of some of the synaptic protein genes that we 
observed to be down-regulated under OGD. 

OGD down-regulates total and cell surface GluA1 protein 
levels 

Previous studies indicate that both transient global cerebral 
ischemia and in vitro ischemic insults can down-regulate the 
AMPAR subunit GluA2, both at the mRNA and protein levels, in 



hippocampal neurons [1 1,12,20,33,36-39], thus inducing a switch 
from GluA2-containing/Ca 2+ -impermeable AMPARs to GluA2- 
lacking/Ca 2+ -permeable AMPARs. However, according to our 
qPCR data, the mRNA levels of both GluAl (Grial) and GluA2 
(Gria2) subunits were decreased after the OGD insult (Figure 
6C). We therefore tested whether total protein levels of GluAl and 
GluA2 varied in the same direction as their respective mRNAs, at 
7 h and 24 h after OGD. Despite the reduction in the mRNA 
levels of GluA 1 observed after 7 h after injury, the decrease in the 
protein levels was detected only 24 h after OGD. Curiously, 
GluA2 protein levels remained unaltered after OGD, in spite of 
the reduction in its mRNA levels detected by qPCR at 24 h after 
the insult (Figure 8A). 

We then biotinylated cell surface proteins in hippocampal 
neuronal cultures 24 h after incubation under control or OGD 
conditions, and purified biotinylated proteins by affinity chroma- 
tography to analyze the cell surface content of both subunits of 
AMPAR (Figure 8B). We observed that, consistent with the 
results obtained for the total protein levels, surface GluAl was 
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Table 1. Microarray data showing the effect of OGD in the mRNA levels of genes encoding synaptic proteins. 





Gene 


Gene Name 


Protein 


Status 


Fold Change 




AMPAR trafficking 


Pickl 


Protein interacting with PRKCA 1 


PICK1 


Down-regulated at 7 h 


0.48 






Gripl 


Glutamate receptor interacting protein 1 


GRIP1 


Down-regulated at 7 h 
and 24 h 


(J.62 (/ n)/U.64 (24 n) 






Cacng3 


Calcium channel, voltage-dependent, 
gamma subunit 3 


TARP y3 


Down-regulated at 7 h 


0.41 






Cacng8 


Calcium channel, voltage-dependent, 
gamma subunit 8 


TARP y8 


Down-regulated at 24 h 


0.64 




Pre- and post-synaptic 
compartment 


Sypl2 


Synaptophysin-like 2 


SYPL2 


Up-regulated at 7 h 
and 24 h 


2.61 (7 h)/2.63 (24 h) 






Snap25 


Synaptosomal-associated protein 25 


SNAP-25 


Down-regulated at 7 h 


0.43 






Clstn2 


Calsyntenin 2 


Calsyntenin 2 


Down-regulated at 24 h 


0.44 






Clstn3 


Calsyntenin 3 


Calsyntenin 3 


Down-regulated at 7 h 
and 24 h 


0.44 (7 h)/0.38 (24 h) 






Dlgap2 


Discs, large (Drosophila) 
homolog-associated protein 2 


SAPAP2 


Down- regulated at 7 h 
and 24 h 


0.48 (7 h)/0.4 (24 h) 






Fmr1 


Fragile X mental retardation 1 


FMRP 


Up-regulated at 7 h 


2.34 




AMPAR subunits 


Grial 


Glutamate receptor, ionotropic, AMPA 1 


GluAl 


Down-regulated at 24 h 


0.55 






Gria2 


Glutamate receptor, ionotropic, AMPA 2 


GluA2 


No change 






NMDAR subunits 


Grinl 


Glutamate receptor, ionotropic, 
N-methyl-D-aspartate 1 


GluNl 


Down-regulated at 24 h 


0.39 






Grin2a 


Glutamate receptor, ionotropic, 
N-methyl-D-aspartate 2A 


GluN2A 


Down-regulated at 24 h 


0.44 






Grin2b 


Glutamate receptor, ionotropic, 
N-methyl-D-aspartate 2B 


GluN2B 


Down-regulated at 24 h 


0.44 
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reduced 24 h after OGD, whereas surface GluA2 expression was 
unaffected. These results show that AMPARs present at the cell 
surface in a mixed population of hippocampal neurons subjected 
to OGD have a decreased content on GluAl when evaluated 24 h 
after the insult, resulting from a delayed reduction in the mRNA 
levels of GluAl in these experimental conditions. The reduction in 
AMPAR GluAl content that we detected may represent a 
neuroprotective mechanism occurring in specific neuronal sub- 
types in the preparation. 

OGD down-regulates GluN2 subunits and increases the 
expression levels of GluN3A 

The NMDA subtype of ionotropic glutamate receptors has been 
extensively studied in ischemic conditions due to their over- 
activation by glutamate and subsequent contribution to the 
activation of pathologic molecular pathways [29,40]. In the in 
vitro ischemia model used in the present work, cell death is also 
dependent on the activation of NMDA receptors (Figure 2A, D). 
According to our qPCR data, the mRNA levels of GluNl (Grinl) 
and GluN2B (Grin2b) were down-regulated both at 7 h and 24 h 
of incubation after OGD, whereas GluN2A (Grin2a) was down- 
regulated only at 7 h after the ischemic injury (Figure 6C). We 
then analyzed the total protein levels of these subunits by Western 
blot (Figure 9A). At 24 h after OGD, protein levels for both 
GluN2A and GluN2B were decreased, whereas GluNl was not 
significandy changed, despite a clear tendency for increased 
expression. Together, these results indicate that OGD leads to the 
down-regulation of the most abundant GluN2 subunits in the 
hippocampus, thereby influencing the subunit composition of 
NMDARs. 



Given that the total protein levels of GluN 1 failed to accompany 
the decrease on protein levels found for both GluN2A and 
GluN2B subunits, we hypothesized that OGD may influence the 
expression levels of the GluN3 subunit, which can also promote 
GluNl trafficking to the cell surface [41,42]. In fact, analysis of the 
mRNA levels of the GluN3 subunit revealed that GluN3A 
displayed a remarkable increase in the mRNA expression 24 h 
after OGD, whereas GluN3B mRNA levels remained unaltered at 
both periods of recovery (Figure 9B). This suggests that OGD 
specifically induces the expression of GluN3A, but not GluN3B, 
thus promoting the presence of GluNl -GluN 3A receptors in 
neurons submitted to ischemic insults. This result is in accordance 
with recent observations indicating that GluN3A can be up- 
regulated in response to ischemic insults and might therefore exert 
a neuroprotective effect against neuronal damage [43]. 

Discussion 

Transient global cerebral ischemia induces a profound change 
in the transcriptome of brain cells, which is partially associated 
with the induction or repression of specific genes that influence the 
outcome of the ischemic insult. However, the mechanisms 
responsible for the selective vulnerability of hippocampal neurons 
to global ischemia remain to be clarified. As such, in this study we 
have subjected mature primary cultures of hippocampal neurons 
to OGD, a well-established in vitro model for global ischemia, in 
order to identify molecular changes that may be involved in the 
response of hippocampal neurons to an ischemic insult. The OGD 
challenge induced delayed neuronal death in hippocampal 
cultures and activated an excitotoxic component mediated by 
NMDA and AMPA receptors as observed in previous studies 
[11,12,25,44]. OGD also induced the activation of calpains, which 
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Figure 6. OGD induces changes in the mRNA levels of transcripts encoding synaptic proteins. Total RNA was extracted with TriZol 7 h 
and 24 h after the OGD insult. Quantitative PCR analysis was performed using cDNA prepared from 1 \ig of total RNA and specific primers for each 
selected gene. Fold change in mRNA levels was normalized to Gapdh and Actb. Quantitative PCR analysis showed that genes encoding proteins 
associated with AMPAR trafficking (A) and pre- and post-synaptic compartments (B), as well as subunits of the AMPA and NMDA receptors (C) were 
mostly down-regulated (with the exception of Sypl2, which had increased expression levels) after OGD, at least at one of the time points analyzed 
after OGD. Bars represent the mean ± SEM of 5 independent experiments, performed in distinct preparations. *p<0.05, **p<0.01, ***p<0.001, as 
determined by the Student's f-test on log-transformed data. 
doi:1 0.1 371 /journal.pone.0099958.g006 



corroborates previous studies showing that these proteases can 
play an important role in the enhancement of cell death induced 
by in vitro ischemic insults [24-26]. 

Although the OGD model has been used to infer about changes 
in gene expression associated with pre- and post-conditioning- 
derived neuroprotection [45,46], to the best of our knowledge no 
similar large scale study was developed so far using this insult as a 
tool to study ischemia-induced changes in the transcriptome of 
hippocampal neurons at different periods of recovery. Our analysis 
has allowed the detection of a large number of altered genes 
related with the specific response of neurons to the ischemic insult. 
The validity of our approach was confirmed by performing qPCR 
analysis of many selected genes belonging to different functional 
groups, including the synapse, which was in good agreement with 
the microarray data. 

At an early time point (7 h) after OGD there are more 
differentially regulated transcripts than at 24 h, which corrobo- 
rates the notion that the response to ischemia is a dynamic and 
coordinated process that starts soon after the insult, but is 
extended until later time points. In fact, this is supported by the 
observation that genes related with functions such as transcription 
and RNA biosynthesis are highly regulated at both periods of 
recovery. We also noted that the response at 7 h after OGD is 
more associated with a general repression of genes than at 24 h, at 
which point there is a general induction of gene expression. This 
observation further supports the idea that the response to ischemia 
at a delayed time point is still part of an active process that rather 
involves the induction than the repression of genes, and excludes 
the possibility that an unspecific down-regulation of genes could be 
associated with an increased rate of cell death. 

Consistent with the results obtained using gene ontology 
analysis after in vivo ischemia [2-4,6-9], we found that genes 
related with metabolic processes, signaling pathways, receptor 
activity, transcription, inflammation, neurotransmitter/glutamate 
secretion, RNA biosynthesis and apoptosis were differentially 
regulated after OGD. These categories were chosen due to their 
relevance in identifying the molecular pathways involved in the 
selective vulnerability of hippocampal neurons to ischemic insults. 
According to our microarray and qPCR data, most of the synaptic 
protein genes considered in this work showed down-regulation 
during the recovery periods after the OGD insult. As far as we 
know, this is the first study to detect changes in the expression 
levels of an extensive group of genes coding for synaptic protein 
genes upon ischemia. Down-regulation of some synaptic protein 
genes (such as Snap 25, Gria 1,2, and Grinl, 2a) has been reported 
previously in studies regarding changes in gene expression after 
focal [6] and global [2] ischemia, but the other synaptic protein 
genes that we identified had not been previously reported to be 
altered after ischemic insults. 

Although cerebral ischemia can induce a reduction of spines 
and synapses as neurons degenerate [13,47], the down-regulation 
of specific synaptic protein genes suggests the initiation of an 
adaptive response to hyperexcitability in post-ischemic neurons. 
The group of genes involved in synaptic function that we identified 
code for proteins that can be involved in many regulatory 
processes, i.e. the cycling of synaptic vesicles and neurotransmitter 



release at nerve terminals (Snap25), trafficking and stabilization of 
glutamate receptors at the cell surface (Pickl, Gripl, Cacgn3 and 
8) and propagation of neuronal signal impulses upon cell 
stimulation (AMPAR and NMDAR subunits). 

SNAP-25 (synaptosomal-associated protein, 25 kDa) is involved 
in synaptic vesicle membrane docking and fusion mediated by 
SNAREs, therefore contributing to the regulation of neurotrans- 
mitter release in presynaptic terminals. Moreover, SNAP-25 has 
been shown to have a critical role in PKC-induced, SNARE- 
dependent insertion of NMDAR at synaptic sites, a mechanism 
relevant to synaptic plasticity [48] . A decrease in the mRNA levels 
of SNAP-25 at a later time point after the ischemic insult, as our 
data shows, might consist of a protective strategy of neurons to 
reduce neuronal hyperexcitability by reducing the release of 
glutamate as well as the insertion of NMDAR at the plasma 
membrane. PICK1 (protein interacting with C kinase) and GRIP1 
(glutamate receptor interacting protein) are both involved in the 
trafficking of AMPAR [49]. Under physiologic conditions PICK1 
binds to AMPAR subunits GluA2, an interaction known to be 
required for AMPAR internalization [50]. In hippocampal 
neurons subjected to OGD, rapid PICK 1 -mediated GluA2 
internalization during the OGD insult was found to contribute 
to cell death mediated by GluA2-lacking Ca 2+ -permeable 
AMPARs [12]. A delayed decrease in the levels of PICK1 
following the reduction in its mRNA levels would probably 
account for the maintenance of the GluA2 subunit at the cell 
surface of post-ischemic neurons, as observed in our work. 
Interestingly, the gene coding for TARPy3 was also shown to be 
down-regulated after OGD, suggesting another mechanism 
through which trafficking of AMPARs to the cell surface is 
changed after ischemia. Moreover, it has been shown that genetic 
deletion of TARPyS selectively abolishes sustained depolarizations 
in hippocampus mediated by kainate activation of AMPA 
receptors [51]. Therefore, it would be interesting to confirm 
whether the protein levels of TARPy3 or TARPy8 follow the same 
pattern of their respective mRNAs and, if so, their implication for 
the transport of AMPARs in ischemia. FMRP (Fragile X mental 
retardation protein) is a dendritic modulator of mRNA transport 
and translation repression, and knock-out mice present reduced 
levels of many postsynaptic proteins [52]. SAPAP2 (Synapse- 
associated protein 90/postsynaptic density-95-associated proteins, 
encoded by Dlgap2) is a member of the SAPAP family of 
postsynaptic proteins that can interact with various synaptic 
components, including the NMDARs [53-55]. Since both the 
genes encoding for FMR1 and SAPAP2 were down-regulated after 
OGD, a decrease in the respective proteins could hypothetically 
play a role in the re-organization of functional multiprotein units 
at post-ischemic synapses. Additionally, calsyntenin-3 (Clsnt3), 
which is dramatically reduced after OGD, has been recently 
attributed a function in promoting synapse development, with 
Clstn3 _/ ~ mice showing compromised inhibitory and excitatory 
neurotransmission [56]. Overall, our results suggest that neurons 
can activate a program to decrease the expression of genes coding 
for proteins involved in the machinery of synaptic transmission, 
which might contribute to reduce glutamate-mediated signaling 
and excitotoxicity. 
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Figure 7. OGD increases REST expression in mature hippocampal neurons. (A) Quantitative PCR analysis showed the OGD insult induced a 
marked increase in Nrse (Rest) mRNA. Total RNA was extracted with TriZol 7 h and 24 h after the OGD insult. Quantitative PCR analysis was performed 
using cDNA prepared from 1 ug of total RNA and specific primers for each selected gene. Fold change in mRNA levels was normalized to Gapdh and 
Actb. Bars represent the mean ± SEM of three independent experiments, performed in distinct preparations. *Significantly different from control 
(*p<0.05, Student's f-test on log-transformed data). (B) Representative Western blot shows a marked increase in REST protein levels, both in the 
cytoplasmic and nuclear fractions of hippocampal neurons submitted to OGD followed by 24 h of incubation in culture conditioned medium (n = 3). 
Actin was used as loading control. (C) Putative RE-1 sequence(s)/REST-binding site(s) in synaptic genes (according to [35]) found to be down- 
regulated after OGD. (D) Genes with enrichment of REST after ischemia (according to [33]) found to be differently expressed after OGD. 
doi:1 0.1 371 /journal.pone.0099958.g007 



We also obtained evidence that the transcription factor REST is 
induced upon an OGD insult to cultured hippocampal neurons, in 
agreement with previous studies showing an increase of REST 
mRNA in the CA1 region of the hippocampus [20,33]. 
Noteworthy, knockdown of REST protected CA1 neurons from 
OGD-induced death, thus suggesting that expression of REST is 
causally related with neuronal death [20,34,57]. One of the most 
studied targets of REST repressive activity is the AMPAR subunit 
GluA2, to whose promoter REST can bind, thus suppressing 
GluA2 expression [20,32-34]. The increase in REST levels 
promoted by ischemic insults has also been shown to correlate with 
the down-regulation of the Na + -Ca + exchanger 1 (NCX1) [57]. 
However, there is also evidence pointing to a neuroprotective role 
of REST in some circumstances. Formisano and co-workers 
showed the REST-mediated repression of the expression of the 
opioid receptor 1 in interneurons, under ischemia conditions, was 
neuroprotective [59]. Recent evidence suggests that REST can 
have a crucial role in mediating neuroprotection in the ageing 
brain [58]. Indeed, this study shows that whereas in healthy ageing 
neurons REST is significantly up-regulated and represses many 
genes associated with cell death pathways, nuclear REST 



expression is substantially reduced in patients with age-related 
neurodegenerative diseases such as Alzheimer's disease. In these 
neurons, reduced REST binding leads to increased expression of 
many genes related with Alzheimer's disease pathology. The 
repression of cell death-associated genes therefore suggests that 
REST might be neuroprotective [58]. 

Other genes have been identified with REST-occupied target 
sequences (RE1 sites) after a genome-wide approach using serial 
analysis of chromatin occupancy in HEK cells [35], among which 
are some of the synaptic protein-encoding genes analyzed in the 
present work (Figure 7C). Interestingly, we found that several 
genes previously described to have REST enrichment at their 
promoters after in vivo ischemia [33] have reduced mRNA levels 
after the OGD insult (Figure 7D), thus providing a new list of 
REST targets with a potential role in ischemia, and further 
supporting the role of REST as a repressive transcription factor 
under ischemic conditions. Indeed, our observations are supported 
by other studies showing REST enrichment at the promoters of 
Grinl, Grin2a, Grin2b and Snap25 [33], as well as by two recent 
reports confirming the regulation of Grin2a and Snap25 by REST 
[58], and identifying Grial, Gria2 and Grinl as REST targets 
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Figure 8. Ischemic insults affect the protein levels of the AMPAR subunits GluAl and GluA2. (A) Total protein extracts were prepared 7 h 
and 24 h after the OGD insult and Western blot analysis were performed. Total GluAl is decreased after 24 h, whereas GluA2 levels remain unaltered 
following both periods of recovery. The left panel shows a representative Western blot for total GluAl and GluA2 present in cell lysates after OGD. 
The right panel represents the quantification of the Western blots. Bars represent the mean ± SEM of five independent experiments, performed in 
ditinct preparations. (B) GluAl and GluA2 surface levels were analyzed after biotinylation of cultured hippocampal neurons, 24 h after the OGD insult. 
At this time point after OGD GluAl is removed from the surface, whereas GluA2 surface levels remain unaltered. The left panel shows a representative 
Western blot for surface GluAl and GluA2 after the insult. Total actin (from the total extract) was used as loading control. Bars represent the mean ± 
SEM of 3-4 independent experiments, performed in distinct preparations. *p<0.05, as determined by the Student's f-test. 
doi:1 0.1 371 /journal.pone.0099958.g008 



[60]. Overall, these studies confirm the binding of REST to the 
promoter of some of the synaptic protein genes that we found to be 
down-regulated after OGD and which contain a putative REST 
binding site. Of note, our study proposes novel REST targets, such 
as the SAPAP2, Calsyntenin 2, Synaptophysin-like 2, TARPy3 
and GRIP1 genes. Since several of the synaptic protein genes we 
found to be down-regulated have putative REST-binding sites, it 
will be of interest to confirm whether REST can indeed bind to 
the promoter of these genes under ischemic conditions. 

Interestingly, ischemia-induced changes in the protein levels of 
synaptic components suggest that important alterations occur at 
the synapses of post-ischemic neurons. In particular, our results 
support the hypothesis that transcription-dependent mechanisms 
take place in insulted neurons that promote the reduction of 
neuronal activity through down-regulation of the expression of 
central synaptic players. In particular, given that NMDARs and 
AMPARs have been long considered important targets for 
therapeutical intervention, information concerning their post- 
ischemic expression levels is of the upmost interest. 

Our results indicate that at 24 h after a 2 h OGD insult, 
AMPARs present at the cell surface of cultured hippocampal 
neurons have a decreased content of GluAl subunits, whereas 
GluA2 protein levels were unchanged. Previous studies using 
cultured hippocampal neurons and the OGD stimulus showed 
early effects at the level of AMPAR traffic. Brief OGD caused the 
internalization of synaptic GluA2-containing AMPAR in hippo- 



campal neurons [11,12]. Other studies indicated that global 
ischemia triggers the reduction of GluA2 expression in the 
hippocampus CA1 region neurons, both at the mRNA [36,39] 
and protein levels [37,38], resulting in increased levels of Ca 2+ - 
permeable AMPA receptors. In the present study, the antagonist 
for Ca 2+ -permeable AMPAR, Naspm, protected hippocampal 
neurons from OGD-induced cell death (Figure 2F), supporting, 
along with other studies (e.g. [37]), a function for Ca 2+ -permeable 
AMPAR in ischemia-induced cell death. However, in cultured 
hippocampal neurons we failed to detect changes in GluA2 
expression and traffic reported by others, presumably because 
these changes are cell-type specific and become diluted in a mixed 
population of hippocampal neurons. Also, the intensity of the 
ischemic insult might influence transcriptional and post-transcrip- 
tional regulatory mechanisms which may explain different results 
obtained in distinct works. Nevertheless, our study has shown for 
the first time a dramatic decrease in the total mRNA and protein 
levels of GluAl 24 h after a 2 h OGD insult. The decreased levels 
of GluAl -containing AMPARs likely result in a depression of 
synaptic transmission, with consequences similar to the increased 
internalization of AMPARs found in CA3 pyramidal neurons 
following a 15 min OGD protocol [61]. Both the endocytosis of 
AMPAR [61] and the delayed decrease on GluAl expression after 
OGD that we describe here are potentially neuroprotective 
mechanisms. 
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Figure 9. OGD affects the expression levels of NMDAR subunits. (A) Total protein extracts were collected 7 h and 24 h after OGD and 
Western blot analysis was performed. Whereas total GluNI levels tend to increase after the insult, a decrease in total GluN2A was observed after both 
periods of recovery while GluN2B decreased at 24 h after the OGD insult. The left panel shows a representative western blot for GluNI, GluN2A and 
GluN2B levels after OGD. The right panel represents the quantification of the Western blots. Actin was used as loading control. Bars represent the 
mean ± SEM of 5-9 independent experiments, performed in distinct preparations. (B) OGD induces a marked increase in the mRNA levels of GluN3A 
but not in GluN3B. Bars represent the mean ± SEM of 3-5 independent experiments, performed in distinct preparations. *p<0.05, as determined by 
the Student's f-test. 
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Furthermore, we found that the subunit composition of 
NMDARs is altered after the OGD insult, which is in agreement 
with previous studies showing a down-regulation of genes 
encoding for subunits of the NMDARs after in vivo [6,62-64] 
and in vitro [13,65] ischemia. In our experimental system, OGD 
decreased the total mRNA and protein levels of the GluN2 
subunits without affecting the protein levels of the GluNI subunit 
(Figure 9). Additionally, we investigated the role of GluN3 



subunit (GluN3A and GluN3B) expression in hippocampal 
neurons submitted to OGD since the GluN3 subunits are now 
recognized players in the modulation of NMDAR activity [66] . 
Interestingly, GluN3A expression is induced by OGD (Figure 
9B), corroborating the results obtained in a recent study showing 
that GluN3A protein levels increase in neurons submitted to OGD 
and focal ischemia [43], but in disagreement with an earlier report 
showing that focal ischemia down-regulates GluN3A at the 
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mRNA and protein levels 24 h after the insult [67]. Although 
GluN3 subunits can be found in many brain tissues including the 
hippocampus [68,69], the expression of these subunits is tempo- 
rally restricted. Whereas GluN3A is predominantly expressed 
during early development and diminishes to lower levels in 
adulthood, GluN3B levels are low during early development and 
gradually increase into adulthood [70]. Compared with NMDARs 
comprised of GluNl/GluN2 subunits, GluN3-containing 
NMDARs exhibit several different properties, including lower 
amplitude currents, lower calcium permeability and reduced Mg 2+ 
sensitivity [70-76]. As such, GluN3 subunits are considered to 
have a dominant-negative effect upon NMDAR activity, which 
can be an advantage under pathologic conditions. Indeed, the 
neuroprotective role of GluN3A against excitotoxicity and 
ischemia-mediated injury has been already shown [43,77]. 
Cultured neurons from GluN3A knock-out mice display greater 
vulnerability to toxic NMDA application, whereas neurons 
expressing transgenic GluN3A are more resistant to NMDA- 
mediated neurotoxicity and focal ischemia than wild-type neurons 
[77]. Although some evidence suggests that the protective role of 
GluN3A is associated with a decrease in Ca 2+ permeability and in 
the production of ROS mediated by NMDARs [43], further 
studies are required to confirm the up-regulation of GluNl/ 
GluN3A receptors upon ischemic insults and to understand the 
role mediated by these receptors in post-ischemic neurons. 
Importantly, as no significant changes were observed for the 
GluN3B subunit, neither at the mRNA (the present study) or 
protein [43] levels after ischemic insults, it is probable that this 
subunit is not involved in the pathological response mediated by 
ischemia, at least in hippocampal neurons. 

Conclusions 

The present study shows that the OGD model not only mimics 
cell death events induced by cerebral ischemia, but can also serve, 
when combined with the microarray technology, as a useful tool to 
gain insight into particular cellular and molecular mechanisms 
evoked by global ischemia in hippocampal neurons. Notably, our 
results suggest that OGD induces the activation of a transcrip- 
tional program that represses the expression of many synaptic 
protein genes that encode for proteins mainly associated with 
glutamatergic neurotransmission. In particular, we have shown 
that OGD alters the expression of AMPA and NMDA receptor 
subunits that modulate the ion channel activity of the receptors, 
namely Ca 2+ -permeability. Given that NMDA and AMPA 
receptors have long been considered important targets for 
therapeutical intervention, information concerning the post- 
ischemic expression levels of these receptor subunits is crucial to 
guarantee efficacy of potential neuroprotective strategies concern- 
ing the activation and further downstream signaling mediated by 
these receptors. 

Supporting Information 

Figure SI Effect of OGD followed by 7 h or 24 h of 
incubation in culture conditioned medium in the mRNA 
levels of 11 selected genes, compared to the respective 

References 

1. Papadopoulos MC, Gilford RG, Bell BA (2000) An introduction to the changes 
in gene expression that occur after cerebral ischaemia. Br J Neurosurg 14: 305- 
312. 

2. Kawahara N, Wang Y, Mukasa A, Furuya K, Shimizu T, et al. (2004) Genome- 
wide gene expression analysis for induced ischemic tolerance and delayed 
neuronal death following transient global ischemia in rats. J Ccreb Blood How 
Metab 24: 212-223. 



control. Total RNA was extracted with TriZol at 7 h and 24 h 
after OGD. Quantitative PCR analysis was performed using 
cDNA prepared from 1 |j,g of total RNA and specific primers for 
each selected gene. Fold change in mRNA levels was normalized 
to Gapdh and Actb. Bars represent the mean ± SEM of 5 
independent experiments, performed in different preparations. 
*/><0.05, **/><0.01, as determined using the Student's t-test on 
log-transformed data. 
(TIF) 

Table SI List of primer sequences used to analyze gene 

expression by qPCR. 

(DOCX) 

Table S2 Most strongly up-regulated (A) and down-regulated (B) 

genes at 7 h after OGD (fold change &2). 

(DOCX) 

Table S3 Most strongly up-regulated (A) and down-regulated (B) 

genes at 24 h after OGD (fold change >2). 

(DOCX) 

Table S4 Most strongly up-regulated (A) and down-regulated (B) 
genes at both recovery periods (7 h and 24 h) after OGD (fold 
change &2). 
(DOCX) 

Table S5 List of genes up-regulated and down-regulated at 7 h 
after OGD for different ontological classes. Gene ontology 
analyses included genes that had a ^-value <0.05 and a fold 
change of 2.0 and were performed using GoMiner. Classes were 
selected manually. Note that some genes are included in more 
than one class. 
(DOCX) 

Table S6 List of genes up-regulated and down-regulated at 24 h 
after OGD for different ontological classes. Gene ontology 
analyses included genes that had a ^-value <0.05 and a fold 
change of 2.0 and were performed using GoMiner. Classes were 
selected manually. Note that some genes are included in more 
than one class. 
(DOCX) 

Table S7 List of genes up-regulated and down-regulated at both 
7 h and 24 h after OGD for different ontological classes. Gene 
ontology analyses included genes that had a Rvalue <0.05 and a 
fold change of 2.0 and were performed using GoMiner. Classes 
were selected manually. Note that some genes are included in 
more than one class. 
(DOCX) 

Table S8 Microarray data of the genes selected for validation 

through qPCR analyses. 

(DOCX) 

Author Contributions 

Conceived and designed the experiments: ALC AES MASS CBD. 
Performed the experiments: JF MV LC. Analyzed the data: JF MV LC 
ALC AES. Wrote the paper: JF ALC. 



3. Buttner F, Cordes C, Gcrlach F, Hermann A, Alcssandri B, et al. (2009) 
Genomic response of the rat brain to global ischemia and repcrfusion. Brain Res 
1252: 1-14. 

4. Jin K, Mao XO, Eshoo MW, Nagayama T, Minami M, et al. (2001) Microarray 
analysis of hippocampal gene expression in global cerebral ischemia. Ann 
Neurol 50: 93-103. 



PLOS ONE | www.plosone.org 



17 



June 2014 | Volume 9 | Issue 6 | e99958 



Ischemia Down-Regulates Synaptic Proteins in Hippocampal Neurons 



5. Zukin RS, Jover T, Yokota H, Caldcronc A, Simionescu M, et al. (2004) 
Molecular and Cellular Mechanisms of Ischemia-Induced Neuronal Death. In: 
J. P. Mohr DWC, J. G Grotta, B Weir and P. A Wolf., editor. Stroke: 
Pathophysiology, Diagnosis, and Management Philadelphia: Elsevier, Inc. pp. 
829-854. 

6. Lu XC, Williams AJ, Yao G, Bcrti R, Hartings JA, et al. (2004) Mieroarray 
analysis of acute and delayed gene expression profile in rats after focal ischemic 
brain injury and repcrfusion. J Neurosci Res 77: 843—857. 

7. Ramos-Ccjudo J, Gutierrez-Fernandez M, Rodrigucz-Frutos B, Exposito 
Alcaide M, Sanchez-Cabo F, et al. (2012) Spatial and temporal gene expression 
differences in core and pcriinfarct areas in experimental stroke: a mieroarray 
analysis. PEoS One 7: c52121. 

8. Tang Y, Lu A, Aronow BJ, Wagner KR, Sharp FR (2002) Genomic responses of 
the brain to ischemic stroke, intracerebral haemorrhage, kainate seizures, 
hypoglycemia, and hypoxia. Eur J Neurosci 15: 1937-1952. 

9. Kim YD, Sohn NW, Kang C, Soh Y (2002) DNA array reveals altered gene 
expression in response to focal cerebral ischemia. Brain Res Bull 58: 491-498. 

10. Hofmcijcr J, van Putten MJ (2012) Ischemic cerebral damage: an appraisal of 
synaptic failure. Stroke 43: 607—615. 

11. Liu B, Liao M, Mielke JG, Ning K, Chen Y, et al. (2006) Ischemic insults direct 
glutamate receptor subunit 2-lacking AMPA receptors to synaptic sites. J 
Neurosci 26: 5309-5319. 

12. Dixon RM, Mellor JR, HanleyJG (2009) PICK 1 -mediated glutamate receptor 
subunit 2 (GluR2) trafficking contributes to cell death in oxygen/ glucose- 
deprived hippocampal neurons. J Biol Chcm 284: 14230-14235. 

13. Jung YJ, Suh EC, Lee KE (2012) Oxygen /Glucose Deprivation and Repcrfusion 
Cause Modifications of Postsynaptic Morphology and Activity in the GA3 Area 
of Organotypic Hippocampal Slice Cultures. Korean J Physiol Pharmacol 16: 
423-429. 

14. Gascon S, Deogracias R, Sobrado M, Roda JM, Renart J, et al. (2005) 
Transcription of the NR1 subunit of the N-methyl-D-aspartate receptor is down- 
regulated by excitotoxic stimulation and cerebral ischemia. J Biol Chcm 280: 
35018-35027. 

15. Mcle M, Ribeiro L, Inacio AR, Wieloch T, Duarte CB (2014) GABAA receptor 
dephosphorylation followed by internalization is coupled to neuronal death in in 
vitro ischemia. Neurobiol Dis 65: 220—232. 

16. Bonfoco EAM, Krainc D, Nicotera P, Lipton S (1997) Techniques for 
distinguishing apoptosis from necrosis in ccrebrocortical and cerebellar neurons. 

In: Poirier J, editor. Neuromethods: Apoptosis Techniques and Protocols. New 
Jersey: Humana Press, pp. 237-253. 

17. Manadas B, Santos AR, Szabadfi K, Gomes JR, Garbis SD, et al. (2009) BDNF- 
induced changes in the expression of the translation machinery in hippocampal 
neurons: protein levels and dendritic mRNA. J Proteome Res 8: 4536—4552. 

18. Petito CK, Feldmann E, Pulsinelli WA, Plum F (1987) Delayed hippocampal 
damage in humans following cardiorespiratory arrest. Neurology 37: 1281— 
1286. 

19. Bottiger BW, Schmitz B, Wiessner C, Vogel P, Hossmann KA (1998) Neuronal 
stress response and neuronal cell damage after eardiocirculatory arrest in rats. J 
Gercb Blood Flow Metab 18: 1077-1087. 

20. Caldcronc A, Jover T, Noh KM, Tanaka H, Yokota H, et al. (2003) Ischemic 
insults derepress the gene silencer REST in neurons destined to die. J Neurosci 
23: 2112-2121. 

21. Bevcrs MB, Neumar RW (2008) Mechanistic role of calpains in postischemic 
neurodegeneration. J Gcrcb Blood Flow Metab 28: 655-673. 

22. Clinkinbeard T, Ghoshal S, Craddock S, Creed Pettigrew L, Guttmann RP 
(2013) Calpain cleaves methionine aminopcptidasc-2 in a rat model of ischemia/ 
reperfusion. Brain Res 1499: 129-135. 

23. Gareia-Bonilla L, Burda J, Pineiro D, Ayuso I, Gomcz-Calccrrada M, et al. 
(2006) Calpain-induced proteolysis after transient global cerebral ischemia and 
ischemic tolerance in a rat model. Neurochem Res 31: 1433—1441. 

24. Ncwcomb-FernandezJK, Zhao X, Pike BR, Wang KK, Kampfl A, et al. (2001) 
Concurrent assessment of calpain and caspase-3 activation after oxygen-glucose 
deprivation in primary septo-hippocampal cultures. J Cereb Blood Flow Metab 
21: 1281-1294. 

25. Zhou M, Baudry M (2006) Developmental changes in NMDA neurotoxicity 
reflect developmental changes in subunit composition of NMDA receptors. J 
Neurosci 26: 2956-2963. 

26. Lobo AC, Gomes JR, Catarino T, Mcle M, Fernandez P, et al. (201 1) Cleavage 
of the vesicular glutamate transporters under excitotoxic conditions. Neurobiol 
Dis 44: 292-303. 

27. Wang KK (2000) Calpain and caspasc: can you tell the difference?, by kevin 
K.W. WangVol. 23, pp. 20-26. Trends Neurosci 23: 59. 

28. Kwak S, Weiss JH (2006) Calcium-permeable AMPA channels in neurodegen- 
erative disease and ischemia. Curr Opin Neurobiol 16: 281—287. 

29. Lau A, Tymianski M (2010) Glutamate receptors, neurotoxicity and neurode- 
generation. Pflugcrs Arch 460: 525-542. 

30. Palm K, Bclluardo N, Mctsis M, Timmusk T (1998) Neuronal expression of zinc 
finger transcription factor REST/NRSF/XBR gene. J Neurosci 18: 1280-1296. 

3 1 . Lunyak W, Rosenfeld MG (2005) No rest for REST: REST/NRSF regulation 
of neurogenesis. Cell 121: 499-501. 

32. Liu SJ, Zukin RS (2007) Ca2+-permcable AMPA receptors in synaptic plasticity 
and neuronal death. Trends Neurosci 30: 126-134. 

33. Noh KM, HwangJY, Follcnzi A, Athanasiadou R, Miyawaki T, et al. (2012) 
Repressor clement- 1 silencing transcription factor (REST)-dependcnt epigenetic 



remodeling is critical to ischemia-induced neuronal death. Proc Natl Acad Sci U 
S A 109: E962-971. 

34. Kancko N, HwangJ-Y, Gertner M, Pontarelli F, Zukin RS (2014) Casein Kinase 
1 Suppresses Activation of REST in Insulted Hippocampal Neurons and Halts 
Ischemia-Induced Neuronal Death. The Journal of Neuroscienec 34: 6030- 
6039. 

35. Otto SJ, MeCorkle SR, Hover J, Conaco C, Han JJ, et al. (2007) A new binding 
motif for the transcriptional repressor REST uncovers large gene networks 
devoted to neuronal functions. J Neurosci 27: 6729—6739. 

36. Gorter JA, Petrozzino JJ , Aronica EM, Roscnbaum DM, Opitz T, et al. (1997) 
Global ischemia induces downregulation of Glur2 mRNA and increases AMPA 
receptor-mediated Ca2+ influx in hippocampal CA1 neurons of gcrbil. J 
Neurosci 17: 6179-6188. 

37. Noh KM, Yokota H, Mashiko T, Castillo PE, Zukin RS, et al. (2005) Blockade 
of calcium-permeable AMPA receptors protects hippocampal neurons against 
global ischemia-induced death. Proc Natl Acad Sci USA 102: 12230-12235. 

38. Opitz T, Grooms SY, Bennett MV, Zukin RS (2000) Remodeling of alpha- 
amino- 3 -hydroxy- 5 -methyl- 4-isoxazole-propionic acid receptor subunit compo- 
sition in hippocampal neurons after global ischemia. Proc Natl Acad Sci USA 
97: 13360-13365. 

39. Pellegrini-Giampietro DE, Zukin RS, Bennett MV, Cho S, Pulsinelli WA (1992) 
Switch in glutamate receptor subunit gene expression in GA1 subfield of 
hippocampus following global ischemia in rats. Proc Natl Acad Sci USA 89: 
10499-10503. 

40. Lai TW, Zhang S, Wang YT (2013) Excitotoxicity and stroke: Identifying novel 
targets for neuroprotection. Prog Neurobiol. 

41. Perez-Otano I, Schulteis CT, Contractor A, Lipton SA, Trimmer JS, et al. 
(2001) Assembly with the NR1 subunit is required for surface expression of 
NR3A-containing NMDA receptors. J Neurosci 21: 1228-1237. 

42. Mcllhinncy RA, Le BourdeUes B, Molnar E, Tricaud N, Streit P, et al. (1998) 
Assembly intracellular targeting and cell surface expression of the human N- 
methyl-D-aspartate receptor subunits NRla and NR2A in transfected cells. 
Neuropharmacology 37: 1355-1367. 

43. Wang H, Yan H, Zhang S, Wei X, Zheng J, et al. (2013) The GluN3A subunit 
exerts a neuroprotective effect in brain ischemia and the hypoxia process. ASN 
Neuro 5: 231-242. 

44. Bondc C, NorabcrgJ, Noer H, Zimmcr J (2005) Ionotropic glutamate receptors 
and glutamate transporters are involved in necrotic neuronal cell death induced 
by oxygen-glucose deprivation of hippocampal slice cultures. Ncuroscience 136: 
779-794. 

45. Benardcte EA, Bcrgold PJ (2009) Genomic analysis of ischemic preconditioning 
in adult rat hippocampal slice cultures. Brain Res 1292: 107-122. 

46. Prasad SS, Russell M, Nowakowska M, Williams A, Yauk C (2012) Gene 
expression analysis to identify molecular correlates of pre- and post-conditioning 
derived neuroprotection. J Mol Neurosci 47: 322—339. 

47. Kovalenko T, Osadehenko I, Nikoncnko A, Lushnikova I, Voronin K, et al. 
(2006) Ischemia-induced modifications in hippocampal CA1 stratum radiatum 
excitatory synapses. Hippocampus 16: 814-825. 

48. Lau CG, Takayasu Y, Rodcnas-Ruano A, Paternain AV, LcrmaJ, et al. (2010) 
SNAP-25 is a target of protein kinase C phosphorylation critical to NMDA 
receptor trafficking. J Neurosci 30: 242-254. 

49. Liu SJ, CuU-Candy SG (2005) Subunit interaction with PICK and GRIP 
controls Ca2+ permeability of AMPARs at cerebellar synapses. Nat Neurosci 8: 
768-775. 

50. HanleyJG, Henley JM (2005) PICK1 is a calcium-sensor for NMDA-induccd 
AMPA receptor trafficking. EMBO J 24: 3266-3278. 

51. Tomita S, Byrd RK, Rouach N, Bellone C, Venegas A, et al. (2007) AMPA 
receptors and stargazin-like transmembrane AMPA receptor-regulatory proteins 
mediate hippocampal kainate neurotoxicity. Proc Natl Acad Sci USA 104: 
18784-18788. 

52. Schutt J, Falley K, Richter D, Kreienkamp HJ, Kindler S (2009) Fragile X 
mental retardation protein regulates the levels of scaffold proteins and glutamate 
receptors in postsynaptic densities. J Biol Chcm 284: 25479-25487. 

53. Kim E, Naisbitt S, Hsueh YP, Rao A, Rothschild A, et al. (1 997) GKAP, a novel 
synaptic protein that interacts with the guanylate kinase-like domain of the PSD- 
95/SAP90 family of channel clustering molecules. J Cell Biol 136: 669-678. 

54. Naisbitt S, Kim E, Weinberg RJ, Rao A, Yang FC, et al. (1997) Characterization 
of guanylate kinase-associated protein, a postsynaptic density protein at 
excitatory synapses that interacts directly with postsynaptic density-95/ 
synapse-associated protein 90. J Neurosci 17: 5687-5696. 

55. Takeuchi M, Hata Y, Hirao K, Toyoda A, Irie M, et al. (1997) SAPAPs. A 
family of PSD-95/SAP90-associatcd proteins localized at postsynaptic density. J 
Biol Chcm 272: 11943-11951. 

56. Pettem KL, Yokomaku D, Luo L, Linhoff MW, Prasad T, et al. (2013) The 
specific alpha-ncurexin interactor calsyntcnin-3 promotes excitatory and 
inhibitory synapse development. Neuron 80: 113-128. 

57. Formisano L, Guida N, Valsecchi V, Pignataro G, Vinciguerra A, et al. (2013) 
NCX1 is a new rest target gene: role in cerebral ischemia. Neurobiol Dis 50: 76- 
85. 

58. Lu T, Aron L, ZulloJ, Pan Y, Kim H, et al. (2014) REST and stress resistance in 
ageing and Alzheimer's disease. Nature 507: 448—454. 

59. Formisano L, Noh KM, Miyawaki T, Mashiko T, Bennett MV, et al. (2007) 
Ischemic insults promote epigenetic rcprogramming of mu opioid receptor 
expression in hippocampal neurons. Proc Natl Acad Sci USA 104: 41 70^41 75. 



PLOS ONE | www.plosone.org 



18 



June 2014 | Volume 9 | Issue 6 | e99958 



Ischemia Down-Regulates Synaptic Proteins in Hippocampal Neurons 



60. Jayanthi S, McCoy MT, Chen B, Britt JP, Kourrich S, et al. (2013) 
Mefhamphctaminc Downrcgulatcs Striatal Glutamatc Receptors via Diverse 
Epigcnctic Mechanisms. Biol Psychiatry', doi: 10.1016/j.biopsych.2013.09.034. 

61. Dennis SH, Jaafari N, Cimarosti H, Hanley JG, Henley JM, et al. (2011) 
Oxygen/ glucose deprivation induces a reduction in synaptic AMPA receptors 
on hippocampal CA3 neurons mediated by mGluRl and adenosine A3 
receptors. J Neurosci 31: 11941-11952. 

62. Friedman LK, Ginsberg MD, Belayev L, Busto R, Alonso OF, et al. (2001) 
Intraischemic but not postischemic hypothermia prevents non-selective hippo- 
campal downrcgulation of AMPA and NMDA receptor gene expression after 
global ischemia. Brain Res Mol Brain Res 86: 34—47. 

63. Hsu JC, Zhang Y, Takagi N, GurdJW, Wallace MC, et al. (1998) Decreased 
expression and functionality of NMDA receptor complexes persist in the CA1, 
but not in the dentate gyrus after transient cerebral ischemia. J Cereb Blood 
FlowMetab 18: 768-775. 

64. Dos-Anjos S, Martinez-Villayandre B, Montori S, Regueiro-Purrinos MM, 
Gonzalo-Orden JM, et al. (2009) Transient global ischemia in rat brain 
promotes different NMDA receptor regulation depending on the brain structure 
studied. Neurochem Int 54: 180-185. 

65. Dos-Anjos S, Martinez-Villayandre B, Montori S, Perez-Garcia CC, Fernandez- 
Lopez A (2009) Early modifications in N-methyl-D-aspartate receptor subunit 
mRNA levels in an oxygen and glucose deprivation model using rat 
hippocampal brain slices. Neuroscience 164: 1119—1126. 

66. Pachernegg S, Strutz-Sccbohm N, Hollmann M (2012) GluN3 subunit- 
containing NMDA receptors: not just one-trick ponies. Trends Neurosci 35: 
240-249. 

67. Zhu M, Wang J, Liu M, Du D, Xia C, et al. (2012) Upregulation of protein 
phosphatase 2A and NR3A-pleiotropic effect of simvastatin on ischemic stroke 
rats. PLoS One 7: c51552. 



68. Wee KS, Zhang Y, Khanna S, Low CM (2008) Immunolocalization of NMDA 
receptor subunit NR3B in selected structures in the rat forebrain, cerebellum, 
and lumbar spinal cord. J Comp Neurol 509: 1 18-135. 

69. Wong HK, Liu XB, Matos MF, Chan SF, Pcrez-Otano I, et al. (2002) Temporal 
and regional expression of NMDA receptor subunit NR3A in the mammalian 
brain. J Comp Neurol 450: 303-317. 

70. Henson MA, Roberts AC, Percz-Otano I, Philpot BD (2010) Influence of the 
NR3A subunit on NMDA receptor functions. Prog Neurobiol 91: 23-37. 

71. Nishi M, Hinds H, Lu HP, Kawata M, Hayashi Y (2001) Motoneuron-specific 
expression of NR3B, a novel NMDA-type glutamate receptor subunit that works 
in a dominant-negative manner. J Neurosci 21: RC185. 

72. Matsuda K, Kamiya Y, Matsuda S, Yuzaki M (2002) Cloning and 
characterization of a novel NMDA receptor subunit NR3B: a dominant subunit 
that reduces calcium permeability. Brain Res Mol Brain Res 100: 43—52. 

73. Pina-Crespo JC, Talantova M, Micu I, States B, Chen HS, et al. (2010) 
Excitatory glycine responses of CNS myelin mediated by NR1/NR3 "NMDA" 
receptor subunits. J Neurosci 30: 11501-11505. 

74. Das S, Sasaki YF, Rothe T, Premkumar LS, Takasu M, et al. (1998) Increased 
NMDA current and spine density in mice lacking the NMDA receptor subunit 
NR3A. Nature 393: 377-381. 

75. ChattertonJE, Awobuluyi M, Premkumar LS, Takahashi H, Talantova M, et al. 
(2002) Excitatory glycine receptors containing the NR3 family of NMDA 
receptor subunits. Nature 415: 793—798. 

76. Low CM, Wee KS (2010) New insights into the not-so-new NR3 subunits of N- 
methyl-D-aspartate receptor: localization, structure, and function. Mol Phar- 
macol 78: 1-11. 

77. Nakanishi N, Tu S, Shin Y, CuiJ, Kurokawa T, et al. (2009) Neuroprotection by 
the NR3A subunit of the NMDA receptor. J Neurosci 29: 5260-5265. 



PLOS ONE | www.plosone.org 



19 



June 2014 | Volume 9 | Issue 6 | e99958 



